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Plasmonic nanoarrays which support collective surface lattice resonances (SLRs) have become an
exciting frontier in plasmonics. Compared with the localized surface plasmon resonance (LSPR)
in individual particles, these collective modes have appealing advantages such as angle-dependent
dispersions and much narrower linewidths. Here, we investigate systematically how the geometry of
the lattice affects the SLRs supported by metallic nanoparticles. We present a general theoretical
framework from which the various SLR modes of a given geometry can be straightforwardly obtained
by a simple comparison of the diffractive order (DO) vectors and orientation of the nanoparticle
dipole given by the polarization of the incident field. Our experimental measurements show that
while square, hexagonal, rectangular, honeycomb and Lieb lattice arrays have similar spectra near
the Γ-point (k = 0), they have remarkably different SLR dispersions. Furthermore, their dispersions
are highly dependent on the polarization. Numerical simulations are performed to elucidate the field
profiles of the different modes. Our findings extend the diversity of SLRs in plasmonic nanoparticle
arrays, and the theoretical framework provides a simple model for interpreting the SLRs features,
and vice versa, for designing the geometrical patterns.
I. INTRODUCTION
The conduction electron oscillations within a metal-
lic nanoparticle driven by an external electromagnetic
field gives rise to a localized surface plasmon resonance
(LSPR). At the resonance, a metallic particle will con-
fine light at the nanoscale, with the electric field being
enhanced in the near-field region at the surface of the par-
ticle. The field enhancement and sub-wavelength charac-
ter of LSPRs can be applied to modify the spontaneous
emission decay rate of nanoemitters [1] and to control
various nonlinear effects, such as second harmonic gener-
ation and Raman scattering [2, 3]. However, due to the
strong radiative damping, LSPRs usually exhibit broad
spectral linewidths and low quality factors [4] which hin-
der potential applications. If the nanoparticles are placed
in an array, the dipolar interactions between the parti-
cles may induce extra resonances. In particular, when
the array periodicity is on the order of particle resonance
wavelength, the coupling between the diffractive orders
(DOs) of the array and the LSPRs on each individual
particle will result in a collective resonance called sur-
face lattice resonance (SLR) [5–9].
SLRs on plasmonic nanoparticle arrays show angle
dependent dispersions and have significantly narrower
linewidths compared with LSPRs on the individual par-
ticles. These features make metallic nanoparticle arrays
suited for tailoring the light dispersion at the nanoscale.
SLRs have been utilized in light harvesting [10], emission
control [11–13], strong light-matter interaction [14–16],
and plasmonic lasing [17–21]. Recent works have also
implemented SLRs in magneto-plasmonic responses in
magnetic nanoparticle arrays [22, 23], dark mode exci-
tation in asymmetric dimer arrays [24] and superlattice
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plasmons in hierarchical gold particle arrays [25]. Even
condensation phenomena have been theoretically stud-
ied [26]. Yet another interesting aspect of SLRs stems
from the fact that as the dipolar radiation pattern of
the LSPR is non-isotropic, the effective radiative cou-
pling in different lattice directions will depend strongly
on polarization, as shown in Fig. 1. Moreover, since
the coupling originates from the fairly slow-decaying ra-
diation fields between the particles, any model relying
only on the nearest-neighbor coupling, that is, the tight-
binding model, is not sufficient to describe the system
response. This raises the question whether such systems
exhibit, for example, topologically non-trivial modes of-
ten found in tight-binding models [27] and if so, whether
these modes could have novel features. Recent progress
in nanofabrication makes nanoparticle arrays with differ-
ent lattice symmetries possible. However, more complex
geometries have been experimentally investigated only
under normal incident angle [28], thus providing no in-
formation on the system dispersion. Numerical models
to calculate SLR dispersions, such as the discrete dipole
approximation (DDA), have been provided [29, 30], but
an intuitive description from which one can straightfor-
wardly determine the expected mode structure of also
more complicated lattices has been missing.
In this article, we explore the various SLRs supported
by metallic nanoparticle arrays with different geometries.
We provide a simple description of how complex lattice
geometries affect the SLR dispersions with a given polar-
ization. Our model uses simple diagrams to show how the
different dispersions result from the coupling between the
DO vectors of the lattice and the dipole orientations on
the individual nanoparticles. Angle-resolved extinction
spectra measured from silver nanoparticle arrays with
square, hexagonal, rectangular, honeycomb and Lieb lat-
tices are well explained by the simple model we provide
for both TE- and TM-polarizations. Finite-difference
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Fig. 1. Polarization dependence of the radiative couplings between the metallic nanoparticles. The radiative direction is
orthogonal to polarization. Therefore if the metallic nanoparticles are placed parallel with the light polarization, there is no
radiative coupling between them (a). If the nanoparticles form an array orthogonal to the polarization direction, they will
couple with each other through the dipolar radiative interactions (b). Therefore, in rectangular arrays the SLRs depend only
on one dimension (c). But in a more complex lattice, for example a honeycomb array (d), the radiative dipolar interactions
would depend on both directions due to the non-zero interaction between the nearest particles along a combination of x and y
directions, as the red arrow in (d) indicates. Thus the modes of the nanoparticle array are determined not only by the geometry
of the lattice but also by its interplay with the polarization direction. We demonstrate the resulting rich mode structure in
experiments on square, rectangular, hexagonal, honeycomb and Lieb nanoparticle geometries, and provide a simple approach
to interpret and predict the observed dispersions, such as the one for a hexagonal lattice (e) (here E is the light energy and
k// the in-plane wave vector).
time-domain (FDTD) simulations are also performed to
verify our interpretation.
The complex dependence of the mode structure on the
light polarization and the dipole orientations of individ-
ual particles suggests interesting possibilities if the po-
larization (the dipole orientation) is taken as a pseu-
dospin degree of freedom. Our results show that the
plasmonic nanoparticle arrays might be used for realizing
novel types of spin-orbit coupling and thereby topologi-
cal states of light, and provide an efficient approach for
designing such systems. This prospect is discussed in the
Conclusions.
II. MODEL
The SLRs involve a collectively scattered field that
comprises components produced by scattering from all
particles of the array [9, 31]. A plane wave impinging on
an array with a wave vector k0 will be scattered by all
the particles. The scattered wave can be also approxi-
mated by a plane wave k at the far field limit. We define
the scattering vector s as the difference between k0 and
k of each particle, as shown in Fig. 2(a). Then for a
particle array, the amplitude of the total scattered wave
will be proportional to Asum =
∑
l exp(is · rl) which is
summed over the phase difference of all the particles. In
the case of the Bravais lattice, where rl = n1~a1 + n2~a2
and ~a1 and ~a2 are the primitive vectors of the lattice
(here we consider 2D lattices), a non-zero total ampli-
tude results only when s equals a reciprocal lattice vec-
tor G = m1~b1 + m2~b2 where ~b1 and ~b2 are the primitive
vectors of the reciprocal lattice.
A more complex lattice may have a basis which consists
of multiple particles in one unit cell, as the dotted circles
show in Fig. 2(a). In such a case, the amplitude of the
scattered light is the sum over all lattice sites and over
each particle in the basis Asum =
∑
l
∑
b exp[is · (rl +
rb)] = [
∑
b exp(is · rb)] · [
∑
l exp(is · rl)]. The sum
[
∑
b exp(is · rb)] affects the magnitude and phase of the
scattering peaks. Therefore, we call it the envelope fac-
tor.
The dispersion relation for the DOs in a 2D periodic
Bravais lattice is ω/c = |k// + G|. If the lattice has
a basis which consists of multiple particles in one unit
cell, the dispersion maintains the same features, but the
amplitude of the scattered light is modified by an enve-
lope factor [
∑
b exp(iG · rb)], which is summed over the
particles in one unit cell.
The expected SLR modes can be concluded from a
simple diagram presenting the DOs and the polarization
direction of the incident light. We take the square lattice
as an example. Fig. 2(b) depicts the square lattice in
reciprocal space, illustrating the four lowest order lattice
vectors G. The four lattice vectors have the same mag-
nitude, meaning that the DOs ω/c = |ky +G| are degen-
erate when ky = 0, therefore the four branches have the
same Γ-point. Considering the light incident with a small
angle, there will be an in-plane wave vector, which here
we assume is ky, added to the DOs. In such a case, the
orders (1, 0) and (−1, 0) still have the same magnitude
so they maintain the degeneracy, as shown by the black
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Fig. 2. (a) Scattering of a plane wave by a 2D particle array. Here k0 and k indicate the incoming and outgoing wave vectors,
respectively, and s = k − k0 denotes the scattering vector. (b) The schematic of a square lattice in reciprocal space and the
four lowest DOs (black arrows). The DOs (0, 1) and (0,−1) have been slightly shifted horizontally to be better distinguished.
The fuchsia arrows indicate the electric polarizations for TE- and TM-modes (TE and TM are defined with respect to ky). (c)
The calculated DOs (0, 1), (0,−1) and the degenerate (1, 0)/(−1, 0).
arrows kDO in Fig. 2(b). But the DO vectors (0, 1) and
(0,−1) then have different magnitudes so they become
two different branches, linearly dependent on ky. By this
means we can determine the DOs supported by a square
lattice, as shown in Fig. 2(c). There are two linearly dis-
persed branches that correspond to the DOs (0, 1) and
(0,−1), and one hyperbolically dispersed branch corre-
sponds to the degenerate DOs (1, 0) and (−1, 0).
Besides magnitude, the directions of the DO vec-
tors kDO describe also their propagation directions at
a certain wavelength and incident angle. For metallic
nanoparticle arrays, the supported plasmonic modes are
not only dependent on the geometrical properties but
also on the excitation polarization. Let us consider two
orthogonal polarization directions, TE and TM, as de-
picted by the fuchsia arrows in Fig. 2(b). A nanopar-
ticle driven by an incident field of a certain polarization
mainly radiates in the orthogonal direction and couples
well with modes whose DO vectors kDO are in that direc-
tion. It does not excite a mode whose kDO is parallel to
the polarization, see the schematics in Fig. 1. Therefore
we expect to excite the DOs (0, 1) and (0,−1) only by
TE-polarized light, and the degenerate DOs (1, 0) and
(−1, 0) preferably by TM-polarized light, in the case of
a small angle of incidence.
In the following, we show that this approach efficiently
describes the modes of also more complex lattices and
allows a straightforward interpretation of the experimen-
tally observed dispersions.
III. SAMPLE FABRICATION AND OPTICAL
CHARACTERIZATION
We fabricate silver nanoparticle arrays on borosilicate
glass with different patterns by e-beam lithography. The
designed patterns include square, hexagonal, rectangu-
lar, 45-degree rotated square, honeycomb and Lieb lat-
tices, as shown in the top-view scanning electron micro-
graphs (SEMs) of the fabricated samples in Figs. 3(a)-
(f). Each array has a size of 100 µm × 100 µm, and the
silver nanoparticles have a height of 30 nm and a diam-
eter of 60 nm, with 2 nm titanium below as an adhesive
layer. The distances between the particles are chosen
such that the diffractive edges (Γ-points) of all structures
are at the same energy, which will be explained in detail
below.
Angle-resolved transmission spectra T =
Istructure/Ireference are measured by focusing the image
of the back focal plane of the objective to the entrance
slit of a spectrometer, as shown in the schematic Fig.
3(g). A white LED is used as the light source, and a
polarizer is placed before the spectrometer to control
the polarization of the detected light. The sample slide
is embedded by an index-matching oil (refractive index
n = 1.52) and covered by a borosilicate superstrate to
provide a symmetric optical environment for the arrays.
The extinction spectra are then obtained by (1 − T )
and subsequently used for calculating the dispersions on
each array.
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Fig. 3. (a)-(f) Scanning electron micrographs (SEMs) of square, hexagonal, rectangular, 45-degree rotated square, honeycomb
and Lieb lattice arrays. The scale bar in (b) is 300 nm and the same for all. (g) The measurement setup. The angle-resolved
transmission spectra are collected by focusing the image of the back focal plane of the objective to the entrance slit of the
spectrometer. The entrance slit is parallel to the y-axis of the sample. For transmission measurements, a white LED light
source is used.
(a) (b) (c)
Fig. 4. (a) The schematic of a square lattice in reciprocal space and the four lowest DOs (black arrows). The DOs (0, 1) and
(0,−1) have been slightly shifted horizontally to be better distinguished. The fuchsia arrows indicate the electric polarizations
for TE- and TM-modes (TE and TM are defined with respect to ky). The measured extinction spectra for (b) TE- and (c)
TM-polarized lights. Dashed and dotted white lines represent the calculated DOs (0, 1) and (0,−1), respectively. The dashed
red line represents the calculated degenerate DOs (1, 0) and (−1, 0). The broad feature around 2.4 eV is the localized single
particle resonance (LSPR), here and in Figs. 5-9.
IV. MEASUREMENT RESULTS
A. Square lattice
Figs. 4(b) and (c) show the extinction of a square lat-
tice with a periodicity of px = py = 375 nm for TE- and
TM-polarizations, respectively. Dispersions as a func-
tion of the in-plane wave vectors in the y direction, ky,
are considered. TE-polarization means the electrical field
oscillates perpendicular to the in-plane wave vector ky,
and TM parallel to it. The different dispersions among
the TE- and TM-modes originate from the different mode
vectors of the lowest DOs on the square lattice.
As explained in Section II, for TE-polarized incident
light, (0, 1) and (0,−1) DOs are excited and linearly dis-
persed with the in-plane wave vector. However, (1,0) and
(-1,0) DOs are extremely weakly coupled to TE-polarized
light because they propagate nearly-orthogonally to the
radiative direction of the electric dipole. Therefore they
are not visible in Fig. 4(b). By increasing kDO, one could
make these modes less orthogonal to the radiative direc-
tion and thus visible with TE-polarized light, but in our
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Fig. 5. (a) The schematic of a hexagonal lattice in reciprocal space and the six lowest DOs. Measured extinction and calculated
DOs for (b) TE- and (c) TM-polarized light. Dashed and dotted white lines represent the DOs (1, 1) and (−1,−1), respectively.
Dashed and dotted red lines represent the degenerate DOs (1, 0)/(0, 1) and (0,−1)/(−1, 0), respectively.
measurement setup, the maximum detectable ky at visi-
ble range is four times smaller than the magnitude of the
lowest lattice vector |G|, thus in the schematic Fig. 4(a)
the maximum angle θ obtainable for us at present is 13◦.
On the other hand, a TM-polarized incident light can
excite only the degenerate (1, 0) and (−1, 0) modes since
(0, 1) and (0,−1) DOs both propagate orthogonally to
the radiative direction and are therefore suppressed: the
degenerate (1, 0)/(−1, 0) modes are shown in Fig. 4(c).
In Figs. 4(b) and (c) we plot also the corresponding
(0, 1), (0,−1) and (1, 0)/(−1, 0) DOs from which we can
see that the SLRs follow the calculated DOs quite well.
The red-shifts of the SLRs are due to the coupling to
LSPRs.
B. Hexagonal lattice
Extinctions of a hexagonal lattice with a nanoparticle
separation of 433 nm show more SLRs than the square
lattice case for both TE- and TM-modes, as Figs. 5(b)
and (c) indicate. These extra branches are due to the
complex structure of the lattice in reciprocal space: a
hexagonal lattice has six lowest order lattice vectors of
equal length, as shown in Fig. 5(a). The six lowest DOs
then have the same Γ-point. With an in-plane wave vec-
tor ky, the DOs (1, 0) and (0, 1) will stay degenerate since
they still have the same magnitude. The same holds for
the DOs (0,−1) and (−1, 0) so they are also degenerate
in the dispersion diagram. The DOs (1, 1) and (−1,−1)
are not degenerate. TE-polarized light can now excite
all the modes; taking into consideration the degenera-
cies, this leads to four modes visible in the experiment
with TE-polarized incident field, as shown in Fig. 5(b).
The DOs (1, 1) and (−1,−1) both propagate paral-
lel to the y-axis, so when the excitation field is TM-
polarized, the propagating direction is orthogonal to the
radiative direction of the electric dipole on each nanopar-
ticle. These two branches are therefore no longer visible.
This explains why there are only two branches of SLRs in
the extinction spectra for TM-polarized light, as shown
in Fig. 5(c).
C. Rectangular lattice
The lower symmetry in a rectangular lattice (px 6= py)
compared to the square one has a strong impact on the
supported SLRs. The two primitive vectors in recipro-
cal space have different magnitudes so the Γ-points of
the DOs split in energy, as shown in Fig. 6(a). As the
square lattice, the (0, 1) and (0,−1) DOs are supported
and linearly dispersed with the in-plane wave vector for
the TE-polarized excitation field, and (1, 0) and (−1, 0)
DOs are degenerate and hyperbolically dispersed with
the in-plane wave vector for the TM-polarized excitation
field. However, the TE- and TM-modes have different Γ-
points due to the periodicity mismatch, as shown in the
measured extinctions in Figs. 6(b) and (c) of a rectangu-
lar array where the periodicities along x- and y-axes are
415 nm and 375 nm, respectively.
Such Γ-point inequality has been reported in [28],
where the authors have measured the zero-angle extinc-
tion spectra for rectangular lattice arrays and found dif-
ferent peak positions for different polarizations, noticing
that the important distance is the particle separation in
the direction perpendicular to the incident electric field.
Here, we point out the origin of this phenomenon: it nat-
urally arises from the general framework we propose for
determining and quantifying the SLR modes in different
lattice geometries.
D. 45-Degree rotated square lattice
We fabricate also arrays with a square lattice that is
rotated 45 degrees with respect to the x- and y-axes (a
rhombus with right angles), with the particle separation
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Fig. 6. (a) The schematic of a rectangular lattice in reciprocal space and the four lowest DOs. For clarity of the schematic, the
distances along x- and y-axes in the reciprocal lattice are not in scale with those in the real sample. Measured extinction and
calculated DOs for (b) TE- and (c) TM-polarized light. Dashed and dotted white lines represent the DOs (0, 1) and (0,−1),
respectively. The dashed red line represents the degenerate DOs (1, 0)/(−1, 0).
(a) (b) (c)
Fig. 7. (a) The schematic of a 45-degree rotated square lattice in reciprocal space and the four lowest DOs. Measured
extinction and calculated DOs for (b) TE- and (c) TM-polarized light. Dashed and dotted white lines represent the degenerate
DOs (1, 0)/(0, 1) and (−1, 0)/(0,−1), respectively.
the same as the square lattice (375 nm). Then neither
of its two reciprocal primitive vectors are parallel to the
x-/y-axis, as shown in Fig. 7(a). In such a case, the four
lowest DOs all have the same Γ-point position. With an
in-plane wave vector ky, DOs (1, 0) and (0, 1) are degen-
erate since they always have the same magnitude. Simi-
larly, the DOs (0,−1) and (−1, 0) are degenerate.
Additionally, all the lowest DOs propagate nearly-
diagonally with increasing ky – (1, 0)/(0, 1) shifting to-
wards the y-axis and (0,−1)/(−1, 0) shifting towards the
x-axis, all with small angles (in our measurements) de-
viating from the diagonal direction. Therefore both TE-
and TM-polarized field can excite these branches simul-
taneously. As Figs. 7(b) and (c) show, the calculated
lowest DOs match well with the measured extinctions,
meaning that the SLRs become polarization-independent
for this lattice type. However, the second-lowest DOs are
then either parallel to the x- or y-axis, so they become po-
larization dependent. Therefore in the TE-polarization
extinction, there are two branches in the high energy
regime which correspond to the second-lowest DOs (1, 1)
and (−1,−1), see the faint features in the upper part of
Fig. 7(b). But in TM-polarization extinction, no such
features have been observed since the (1,−1)/(−1, 1)
modes are hyperbolically dispersed and non-detectable
in the measured wavelength regime.
E. Honeycomb lattice
We consider also more complex structures, namely ge-
ometries composed by a Bravais lattice with a basis, that
is, a unit cell with several sites. As mentioned in Section
II, then there will be a contribution from the scattering
of each particle within one unit cell to the overall am-
plitude as an envelope factor [
∑
b exp(iG · rb)] which de-
pends on the corresponding reciprocal lattice vector and
the particle locations within the unit cell. Since the enve-
7(a) (c) (d)
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Fig. 8. The schematics of (a) a honeycomb lattice, with its unit cells that constitute a hexagonal lattice, and (b) a hexagonal
lattice in reciprocal space and the six lowest DOs. Measured extinction and calculated DOs for (c) TE- and (d) TM-polarized
light. Dashed and dotted white lines represent the DOs (1, 1) and (−1,−1), respectively. Dashed and dotted red lines represent
the degenerate DOs (1, 0)/(0, 1) and (0,−1)/(−1, 0), respectively.
lope factor depends on G, it can be different for different
DOs.
As shown in Fig. 8(a), a honeycomb structure is con-
stituted of a hexagonal lattice with two particles within
each unit cell. The envelope factors from these two parti-
cles to the six lowest DOs are 1/2+
√
3/2i for (1, 0), (0, 1),
(−1,−1) and 1/2−√3/2i for (1, 1), (−1, 0), (0,−1), re-
spectively. Both factors have unity magnitude, but op-
posite argument angles, meaning that the DOs from a
honeycomb array have different phase shifts compared
with a hexagonal array. For a certain branch, the phase
shift depends only on the particle locations within one
unit cell and thus can be tuned easily by displacing the
particles within the unit cell.
Figs. 8(c) and (d) show the measured extinctions for
a honeycomb array with a nearest particle separation of
250 nm, and the calculated DOs for its corresponding
Bravais hexagonal lattice. The measured SLRs follow
well with the calculated DOs. The only prominent dif-
ference between the extinction of the honeycomb array
and its corresponding hexagonal array, as shown in Figs.
5(b) and (c), is that the honeycomb array has a higher
extinction. The increasing extinction is due to a larger
number of particles within one unit cell, resulting in a
higher filling fraction in a honeycomb structure. An-
other difference is the complex envelope factors of the
DOs in honeycomb lattice, which in a hexagonal lattice
is a constant unity. The phase shift originating from the
envelope factors is not expected to be reflected in ex-
tinction, however, it can be interesting when using such
lattices for designing beams, e.g. in nanoscale lasing.
F. Lieb lattice
Similar to the honeycomb case, we can calculate the
DOs of a Lieb lattice, which is constituted by a square
lattice with three particles within each unit cell, as shown
in Fig. 9(a). The lowest DOs are then the same as for a
square lattice and their envelope factors from the three
particles are all one. The lowest orders of diffracted light
from a Lieb array are therefore the same as from a square
array, without any phase shifts.
Figs. 9(c) and (d) show the measured extinctions of
a Lieb array with a nearest particle separation 188 nm
and the calculated lowest DOs for the corresponding Bra-
vais square lattice. The similarity between the SLRs of
the Lieb lattice and of the square array, as shown in
Figs. 4(b) and (c), is not as big as those between the
honeycomb array and the hexagonal array. A three-fold
increase in filling fraction in the Lieb lattice enhances
the coupling strength between the LSPRs and DOs, re-
sulting in a stronger modification of the SLR energies
even though the DOs are exactly the same. This can
be seen from the higher extinction of the Lieb array and
the more curved-dispersed TE-polarized SLRs near the
Γ-point. Note that the dispersions are very different from
the photonic Lieb lattices with nearest neighbor hopping
[32–35].
V. NUMERICAL SIMULATIONS
From our lattice geometry arguments and measure-
ment results, we see that the supported SLRs of arrays
with different geometries are mostly dependent on their
DOs and the orientations of in-plane electric dipoles of in-
dividual nanoparticles. In other words, the far-field prop-
8(a) (c) (d)
(b)
Fig. 9. The schematics of (a) a Lieb lattice, with its unit cells that constitute a square lattice, and (b) a square lattice in
reciprocal space and the four lowest DOs. Measured extinction and calculated DOs for (c) TE- and (d) TM-polarized light.
Dashed and dotted white lines represent the DOs (0, 1) and (0,−1), respectively. The dashed red line represents the degenerate
DOs (1, 0)/(−1, 0).
(a) (b) (c) (d)
(e) (f) (g)
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Fig. 10. FDTD simulated extinction spectra for a square lattice under normal and 10-degree incidence with (a) TE- and (e)
TM-polarized light. The field distributions Φ(Ex) for TE-polarized light at 583 nm wavelength under normal incidence (b),
under 10-degree incidence at 553 nm (c) and 643 nm (d) wavelengths. For TM-polarized light, the field distributions Φ(Ey)
at 583 nm wavelength under normal incidence (f) and under 10-degree incidence at 581 nm wavelength (g). Here (b) and (f)
relate to the SLRs corresponding to the degenerate DOs at the Γ-point in Figs. 4(b) and 4(c), respectively. (c) corresponds to
the (0, 1) DO and (d) to the (0,−1) DO modes in Fig. 4(b). (g) relates to the degenerate modes of DOs (1, 0)/(−1, 0) of Fig.
4(c) slightly away from the Γ-point.
erties of a specific lattice structure (the DOs) determine
the coupling directions in which a specific near-field pro-
file (dipole orientation) oscillates in phase. Conversely,
the radiative direction of the in-plane electric dipoles de-
termines whether or not a specific DO can be excited.
To further confirm, at the microscopic scale, the gen-
eral framework given by geometry arguments and the
measurements, we perform FDTD simulations with com-
mercial software (FDTD solutions, Lumerical Inc.) for
square arrays with the same periodicity in Section IV
as an example. Fig. 10(a) shows the simulated extinc-
tion spectra with TE-polarized light under normal and
10-degree incident angles. The distribution map of the
in-plane electric field component phase, which for TE-
9polarization is Φ(Ex), shows that the electric dipoles
on individual nanoparticles oscillate in phase with each
other, forming a standing wave, as indicated in Fig.
10(b). For a 10-degree incident angle, as shown in Figs.
10(c) and (d), the dipole moments of individual nanopar-
ticles no longer oscillate in phase with each other, but
form a phase front along the y-axis.
The simulated extinction spectra of TM-polarized light
in Fig. 10(e) show exactly the same resonance wave-
length with TE-polarization under normal incidence (at
Γ-point) but a slightly different resonance wavelength un-
der 10-degree incident angle, due to the low-dispersed
property of TM-mode. The distribution map of the in-
plane electric field component phase Φ(Ey) in Fig.10(f)
shows that under normal incident angle, the electric
dipoles on individual nanoparticles oscillate in phase with
each other, forming a standing wave along the x-axis.
However under a 10-degree incident angle, as shown in
Fig. 10(g), the dipole moments of individual nanoparti-
cles no longer oscillate in phase with each other and form
a phase front nearly along the x-axis. The different wave
fronts of TE- and TM-polarization cases correspond to
the DO vector directions of the SLR modes that are ex-
cited. The DO vectors determine the directions in which
the specific modes are propagating.
VI. CONCLUSIONS
We demonstrate experimentally a rich variety of dis-
persions of distinctive SLRs supported by silver nanopar-
ticle arrays of different geometries. Square, hexagonal,
rectangular, honeycomb and Lieb arrays show remark-
ably different and polarization-dependent extinction dis-
persions, while a 45-degree rotated square array shows
less sensitivity to the choice of the TE- or TM-polarized
incident light. While previous work has studied the case
of normal incidence [28], the present work constitutes the
first systematic study of SLR dispersions for arbitrary in-
cident angles and for various lattice geometries.
We propose an efficient generic model to explain and
predict the features of different plasmonic lattice geome-
tries. Using simple diagrams, we show how the DO vec-
tors of the corresponding Bravais lattice and the in-plane
electric dipole orientation determine the SLRs supported
by certain geometrical structures. In a more complex
structure, the particles within one unit cell contribute to
an envelope factor for each DO. The modes determined
in this way have excellent agreement with the measured
spectra. Furthermore, this model also reveals the prin-
cipal propagation direction of each mode, along which
the mode maintains its coherence properties. This has
been verified by numerical simulations of the near-field
distributions in a square lattice.
The radiation fields of individual particles extend over
several unit cells of the structure, making plasmonic lat-
tices an excellent platform for studying physics beyond
the nearest neighbor hopping regime. Furthermore, the
role of disorder can be quite different in radiatively cou-
pled plasmonic lattices compared to photonic or plas-
monic lattices with evanescent nearest neighbor coupling.
Totally new areas of research may open by interpreting
the individual particle dipole orientation as a pseudospin
degree of freedom, or more generally, as a two-level or
two-band system. The Hamiltonian describing any two-
level system has the generic formH = (k)I2×2+d(k) ·σ,
where σ is a vector of the Pauli matrices, and d(k) de-
termines the types of couplings and k is a parameter.
This Hamiltonian describes, for instance, graphene and
spin-orbit coupled systems, and with suitable couplings
and symmetries, Dirac points, gap openings and topolog-
ical phases can be found [36–41]. As we have shown, in
plasmonic lattices, the dispersion depends on the polar-
ization, i.e., on the particle dipole orientation. This can
be viewed analogously to having a non-trivial σz term
(here z now refers to the dipole orientation pseudospin,
not to the spatial coordinates of the lattice). The spin-
orbit coupling terms proportional to σx and σy are not
present here. However, we propose that they can be in-
troduced by utilizing non-trivial particle shapes, or mag-
netic nanoparticles [22, 23] where the two polarization
(dipole orientation) directions are coupled due to intrin-
sic spin-orbit coupling in the magnetic material, and such
couplings could be made momentum(k) dependent by de-
signing the lattice geometry. It is especially interesting to
envision that such non-trivial lattice systems may lead to
new types of nanoscale lasing phenomena, so far observed
only in simple square or rectangular lattices.
ACKNOWLEDGMENTS
This work was supported by the Academy of Finland
through its Centres of Excellence Programme (Project
No. 284621, No. 263347 and No. 272490) and by
the European Research Council (Grant No. ERC-2013-
AdG-340748-CODE). This article is based on work from
COST Action MP1403 Nanoscale Quantum Optics, sup-
ported by COST (European Cooperation in Science and
Technology). Part of the research was performed at the
Micronova Nanofabrication Centre, supported by Aalto
University.
[1] Pascal Anger, Palash Bharadwaj, and Lukas Novotny,
“Enhancement and quenching of single-molecule fluores-
cence,” Phys. Rev. Lett. 96, 113002 (2006).
[2] Katherine A Willets and Richard P Van Duyne, “Local-
ized surface plasmon resonance spectroscopy and sens-
ing.” Annu. Rev. Phys. Chem. 58, 267–97 (2007).
[3] C. Hubert, L. Billot, P.-M. Adam, R. Bachelot, P. Royer,
J. Grand, D. Gindre, K. D. Dorkenoo, and A. Fort, “Role
10
of surface plasmon in second harmonic generation from
gold nanorods,” Appl. Phys. Lett. 90, 181105 (2007).
[4] Feng Wang and Y. Ron Shen, “General properties of local
plasmons in metal nanostructures,” Phys. Rev. Lett. 97,
206806 (2006).
[5] Shengli Zou and George C. Schatz, “Silver nanoparti-
cle array structures that produce giant enhancements in
electromagnetic fields,” Chem. Phys. Lett. 403, 62–67
(2005).
[6] V. G. Kravets, F. Schedin, and A. N. Grigorenko, “Ex-
tremely narrow plasmon resonances based on diffrac-
tion coupling of localized plasmons in arrays of metallic
nanoparticles,” Phys. Rev. Lett. 101, 087403 (2008).
[7] Baptiste Auguie´ and William Barnes, “Collective reso-
nances in gold nanoparticle arrays,” Phys. Rev. Lett.
101, 143902 (2008).
[8] S. R. K. Rodriguez, A. Abass, B. Maes, O. T. A. Janssen,
G. Vecchi, and J. Go´mez Rivas, “Coupling bright and
dark plasmonic lattice resonances,” Phys. Rev. X 1,
021019 (2011).
[9] Nina Meinzer, William L. Barnes, and Ian R. Hooper,
“Plasmonic meta-atoms and metasurfaces,” Nat. Pho-
tonics 8, 889–898 (2014).
[10] Zhongyang Li, Serkan Butun, and Koray Aydin, “Ul-
tranarrow band absorbers based on surface lattice reso-
nances in nanostructured metal surfaces,” ACS Nano 8,
8242–8248 (2014).
[11] G. Vecchi, V. Giannini, and J. Go´mez Rivas, “Shap-
ing the fluorescent emission by lattice resonances in plas-
monic crystals of nanoantennas,” Phys. Rev. Lett. 102,
146807 (2009).
[12] S. R. K. Rodriguez, G. Lozano, M. A. Verschuuren,
R. Gomes, K. Lambert, B. De Geyter, A. Hassinen,
D. Van Thourhout, Z. Hens, and J. Gomez Rivas,
“Quantum rod emission coupled to plasmonic lattice
resonances: A collective directional source of polarized
light,” Appl. Phys. Lett. 100, 111103 (2012).
[13] R. Guo, S. Derom, A. I. Va¨keva¨inen, R. J. A. van Dijk-
Moes, P. Liljeroth, D. Vanmaekelbergh, and P. To¨rma¨,
“Controlling quantum dot emission by plasmonic nanoar-
rays,” Opt. Express 23, 28206 (2015).
[14] P To¨rma¨ and W L Barnes, “Strong coupling between
surface plasmon polaritons and emitters: a review.” Rep.
Prog. Phys. 78, 013901 (2015).
[15] A I Va¨keva¨inen, R J Moerland, H T Rekola, A-P Eske-
linen, J-P Martikainen, D-H Kim, and P To¨rma¨, “Plas-
monic surface lattice resonances at the strong coupling
regime.” Nano Lett. 14, 1721–7 (2014).
[16] L. Shi, T.K. Hakala, H.T. Rekola, J.-P. Martikainen, R.J.
Moerland, and P. To¨rma¨, “Spatial coherence properties
of organic molecules coupled to plasmonic surface lat-
tice resonances in the weak and strong coupling regimes,”
Phys. Rev. Lett. 112, 153002 (2014).
[17] J. Stehr, J. Crewett, F. Schindler, R. Sperling, G. von
Plessen, U. Lemmer, J.M. Lupton, T.A. Klar, J. Feld-
mann, A.W. Holleitner, M. Forster, and U. Scherf, “A
low threshold polymer laser based on metallic nanopar-
ticle gratings,” Adv. Mater. 15, 1726–1729 (2003).
[18] Wei Zhou, Montacer Dridi, Jae Yong Suh, Chul Hoon
Kim, Dick T Co, Michael R Wasielewski, George C
Schatz, and Teri W Odom, “Lasing action in strongly
coupled plasmonic nanocavity arrays.” Nat. Nanotech-
nol. 8, 506–11 (2013).
[19] Xiangeng Meng, Jingjing Liu, Alexander V. Kildishev,
and Vladimir M. Shalaev, “Highly directional spaser ar-
ray for the red wavelength region,” Laser Photon. Rev.
8, 896–903 (2014).
[20] Ankun Yang, Thang B Hoang, Montacer Dridi, Claire
Deeb, Maiken H Mikkelsen, George C Schatz, and
Teri W Odom, “Real-time tunable lasing from plasmonic
nanocavity arrays.” Nat. Commun. 6, 6939 (2015).
[21] T. K. Hakala, H. T. Rekola, A. I. Va¨keva¨inen, J. P. Mar-
tikainen, M. Necˇada, A. J. Moilanen, and P. To¨rma¨,
“Lasing in dark and bright modes of a finite-sized plas-
monic lattice,” (accepted for publication in Nat. Com-
mun.), arXiv:1606.07404.
[22] M. Kataja, T. K. Hakala, A. Julku, M. J. Huttunen,
S. van Dijken, and P. To¨rma¨, “Surface lattice resonances
and magneto-optical response in magnetic nanoparticle
arrays,” Nat. Commun. 6, 7072 (2015).
[23] Nicolo` Maccaferri, Xabier Inchausti, Antonio Garc´ıa-
Mart´ın, Juan Carlos Cuevas, Debashish Tripathy,
Adekunle O. Adeyeye, and Paolo Vavassori, “Resonant
enhancement of magneto-optical activity induced by sur-
face plasmon polariton modes coupling in 2d magneto-
plasmonic crystals,” ACS Photonics 2, 1769–1779 (2015).
[24] Alastair D. Humphrey, Nina Meinzer, Timothy A.
Starkey, and William L. Barnes, “Surface lattice reso-
nances in plasmonic arrays of asymmetric disc dimers,”
ACS Photonics 3, 634–639 (2016).
[25] Danqing Wang, Ankun Yang, Alexander J. Hryn,
George C. Schatz, and Teri W. Odom, “Superlattice
plasmons in hierarchical au nanoparticle arrays,” ACS
Photonics 2, 1789–1794 (2015).
[26] J.-P. Martikainen, M. O. J. Heikkinen, and P. To¨rma¨,
“Condensation phenomena in plasmonics,” Phys. Rev. A
90, 053604 (2014).
[27] Guillaume Weick, Claire Woollacott, William L. Barnes,
Ortwin Hess, and Eros Mariani, “Dirac-like plasmons
in honeycomb lattices of metallic nanoparticles,” Phys.
Rev. Lett. 110, 106801 (2013).
[28] Alastair D. Humphrey and William L. Barnes, “Plas-
monic surface lattice resonances on arrays of different
lattice symmetry,” Phys. Rev. B 90, 075404 (2014).
[29] G.C. Schatz, “Electrodynamics of nonspherical noble
metal nanoparticles and nanoparticle aggregates,” J.
Mol. Struct. THEOCHEM 573, 73–80 (2001).
[30] K. Lance Kelly, Eduardo Coronado, Lin Lin Zhao, and
George C. Schatz, “The optical properties of metal
nanoparticles: The influence of size, shape, and dielectric
environment,” J. Phys. Chem. B 107, 668–677 (2003).
[31] D. W. Snoke, Solid state physics : essential concepts
(Addison-Wesley, 2009) p. 619.
[32] Rodrigo A. Vicencio, Camilo Cantillano, Luis Morales-
Inostroza, Bastia´n Real, Cristian Mej´ıa-Corte´s, Steffen
Weimann, Alexander Szameit, and Mario I. Molina,
“Observation of localized states in lieb photonic lattices,”
Phys. Rev. Lett. 114, 245503 (2015).
[33] Sebabrata Mukherjee, Alexander Spracklen, Debaditya
Choudhury, Nathan Goldman, Patrik O¨hberg, Erika An-
dersson, and Robert R. Thomson, “Observation of a lo-
calized flat-band state in a photonic lieb lattice,” Phys.
Rev. Lett. 114, 245504 (2015).
[34] F. Baboux, L. Ge, T. Jacqmin, M. Biondi, E. Galopin,
A. Lemaˆıtre, L. Le Gratiet, I. Sagnes, S. Schmidt, H. E.
Tu¨reci, A. Amo, and J. Bloch, “Bosonic condensation
and disorder-induced localization in a flat band,” Phys.
11
Rev. Lett. 116, 066402 (2016).
[35] Falko Diebel, Daniel Leykam, Sebastian Kroesen, Cor-
nelia Denz, and Anton S. Desyatnikov, “Conical diffrac-
tion and composite lieb bosons in photonic lattices,”
Phys. Rev. Lett. 116, 183902 (2016).
[36] B. Andrei Bernevig and Taylor L. Hughes, Topological in-
sulators and topological superconductors (Princeton Uni-
versity Press, 2013) p. 247.
[37] M. Z. Hasan and C. L. Kane, “Colloquium : Topological
insulators,” Rev. Mod. Phys. 82, 3045–3067 (2010).
[38] Ling Lu, John D. Joannopoulos, and Marin Soljacˇic´,
“Topological photonics,” Nat. Photonics 8, 821–829
(2014).
[39] Ling Lu, John D. Joannopoulos, and Marin Soljacˇic´,
“Topological states in photonic systems,” Nat. Phys. 12,
626–629 (2016).
[40] F. D. M. Haldane and S. Raghu, “Possible realization of
directional optical waveguides in photonic crystals with
broken time-reversal symmetry,” Phys. Rev. Lett. 100,
013904 (2008).
[41] S. Raghu and F. D. M. Haldane, “Analogs of quantum-
hall-effect edge states in photonic crystals,” Phys. Rev.
A 78, 033834 (2008).
